Introduction
============

Tuberculosis (TB) is the leading cause of death worldwide from a single infectious agent, which ranks above HIV infection. In 2016, there were an estimated 1.3 million TB deaths among HIV-negative people and an additional 0.37 million deaths among HIV-positive individuals.[@b1-ijn-13-8523] Rapid and accurate diagnosis of TB is crucial to initiate an early anti-tubercular therapy so as to reduce the risk of disease transmission and avoid unnecessary morbidity and mortality. During the last two decades, an unprecedented interest has been emerged for designing new TB diagnostic tools but still a reliable and accurate test for rapid diagnosis for all forms of TB, ie, pulmonary, extrapulmonary, TB-HIV coinfection and latent TB is lacking. We developed immuno-PCR (I-PCR) assay based on the detection of array of *Mycobacterium tuberculosis* antigens, ie, Ag85B (Antigen 85B, Rv1886c), ESAT-6 (early secreted antigenic target-6), cord factor (trehalose 6,6′-dimycolate) and PstS1 (phosphate-specific transporter lipoprotein, Rv0934),[@b2-ijn-13-8523]--[@b4-ijn-13-8523] which certainly revealed better sensitivity than ELISA. ESAT-6 encoded by region of difference (RD1) is *M. tuberculosis* complex specific and is considered as a potential biomarker for the diagnosis of TB by ELISA and I-PCR, either alone or in combination with other RD1 and RD2 antigens such as CFP-10 (culture filtrate protein-10, Rv3874) and MPT64 (mycobacterial protein from species tuberculosis-64, Rv1980c).[@b5-ijn-13-8523],[@b6-ijn-13-8523] In fact, ESAT-6 is an immunodominant T-cell stimulatory antigen recognized by specific interferon-γ secreting T cells, which are present in higher numbers in TB patients with active infection than in uninfected individuals.[@b7-ijn-13-8523] Strikingly, I-PCR could detect a significantly higher number of samples from smear-negative pulmonary and paucibacillary extra-pulmonary TB patients[@b3-ijn-13-8523],[@b8-ijn-13-8523] and thus showed superiority in sensitivity over the routine diagnostic methods, ie, smear, histopathology and nucleic acid amplification tests such as PCR. Coupling of detection antibodies with the reporter DNA is a crucial step of I-PCR, and various strategies are employed such as streptavidin-protein A, streptavidin-biotin setup, succinimidyl-4-(*N*-maleimidomethyl)cyclohexane-1-carboxylate (SMCC) system and recombinant phage particle where surface displayed single-chain variable fragments and phage DNAs themselves act as detection antibodies and DNA *tag*, respectively, in phage display-mediated I-PCR.[@b8-ijn-13-8523]--[@b10-ijn-13-8523]

Over the last two decades, nanobiotechnology has emerged as the most promising tool for clinical diagnostics.[@b11-ijn-13-8523] In particular, due to small size (1--100 nm), corresponding high surface-to-volume ratio and unusual target binding properties, nanoparticles (NPs) have been used as signal amplification tools.[@b12-ijn-13-8523],[@b13-ijn-13-8523] One such example is the NP-based bio-barcode amplification assay (BCA), which was initially introduced by Nam et al[@b14-ijn-13-8523] for protein and nucleic acid detection with ultrahigh sensitivity using multiple types of NPs, such as gold nanoparticles (GNPs), silica, iron oxide and magnetic particles (MPs). Hundreds of barcode DNAs released from each GNP could elicit 2--3 log amplification in detection sensitivity for each captured targets.[@b15-ijn-13-8523]--[@b17-ijn-13-8523] Each barcode DNA could be interpreted by nucleic acid detection methods such as light scattering measurement, NP probe technology based on hybridization to microarray, colorimetric method or fluorescent approach for recognizing the targets.[@b18-ijn-13-8523]--[@b20-ijn-13-8523] NP-based I-PCR assays have been developed for the rapid and efficient diagnosis of various viral and parasitic infections, including foot and mouth disease viruses, Hantaan virus nucleocapsid protein, respiratory syncytial virus and *Giardia lamblia* cysts, with improved detection limit of biomarkers;[@b12-ijn-13-8523],[@b21-ijn-13-8523]--[@b23-ijn-13-8523] however, no report is yet available to detect mycobacterial antigens using NP-based I-PCR. GNPs have the ease of modification to provide various chemistries for attachment with the antibodies and DNA and can overcome the complicated preparation of antibody-DNA conjugates.[@b12-ijn-13-8523],[@b24-ijn-13-8523] The large ratio of DNA to antibody (usually 100--300:1) on the functionalized GNPs can further improve the sensitivity of I-PCR. Therefore, we aimed to design NP-based sensitive I-PCR comprising magnetic bead (MB)-coupled GNP-I-PCR assay (MB-GNP-I-PCR) for detection of purified *M. tuberculosis* ESAT-6.

Materials and methods
=====================

Materials
---------

Purified recombinant ESAT-6 (NR-14868), rabbit anti-ESAT-6 polyclonal antibody (pAb, NR-13803) and guinea pig anti-*M. tuberculosis* CDC1551 pAb (NR-13818) were received as generous gifts from BEI Resources, ATCC (Manassas, VA, USA). Goat anti-rabbit IgG and goat anti-rabbit IgG-alkaline phosphatase were purchased from Merck (Bengaluru, India). Bovine serum albumin (BSA), sulfo-SMCC and 1,4-dithiothreitol (DTT) were procured from Merck KGaA (Darmstadt, Germany). Trisodium citrate dihydrate and gold chloride (chloroauric acid) were obtained from Finar Pvt Ltd (Ahmedabad, India). Sodium chloride, Tween-20 and hydroquinone were purchased from Hi-Media Laboratories (Mumbai, India). MagnaBind Amine Derivated Beads were procured from Thermo Fisher Scientific (Waltham, MA, USA). NAP-5 columns were purchased from GE Healthcare UK Ltd (Little Chalfont, UK).

Oligonucleotides and primer sequences
-------------------------------------

Oligonucleotides and primer sequences used in this work are shown in [Table 1](#t1-ijn-13-8523){ref-type="table"}.

Preparation of GNPs
-------------------

GNPs (\~20 nm size) were prepared as described previously[@b25-ijn-13-8523],[@b26-ijn-13-8523] with slight modifications. Briefly, 0.5 mL of 200 mM gold chloride solution was added to a conical flask (250 mL) containing 99.5 mL of MilliQ water, which was heated with stirring. When gold chloride solution started boiling, 10 mL of 38.8 mM trisodium citrate dihydrate was quickly added followed by continuous vigorous stirring. The change in color from pale yellow to deep red wine in a minute indicated the formation of colloidal GNPs. The heating was turned off but the stirring continued till the solution reached room temperature (RT). GNPs were collected in a clean glass container and stored at RT.

GNPs of \~60 nm size were formed by seed-mediated synthesis as detailed by Kumar et al.[@b27-ijn-13-8523] Briefly, 2 mL of \~20 nm GNPs (prepared by the method of Turkevich et al[@b25-ijn-13-8523]) was mixed with 1 mL of 34 µM trisodium citrate and 1 mL of 25.4 µM gold chloride solution at RT (\~18°C). To this mixture, 0.5 mL of 22.7 µM hydroquinone was added and the final volume was made to 100 mL using distilled water and by continuously stirring at RT for 1 hour.

Characterization of GNPs and MBs
--------------------------------

To verify the preparation of GNPs by chemical reduction process, the colloidal solution was scanned between 400 and 700 nm in an ultraviolet-visible (UV-vis) absorption spectrophotometer (UV-1800; Shimadzu Corporation, Kyoto, Japan) and the optical properties were recorded as detailed by Potůčková et al.[@b28-ijn-13-8523]

The size and shape of the GNPs and MBs were analyzed using 200 kV transmission electron microscope (TEM; JEOL make TEM JEM-2100F, Tokyo, Japan) and the mean particle size was determined using Image Tool Software (Multipoint image database software for grain and particle analysis; Dietermann & Heuser Solution GmbH, Greifenstein, Germany). The surface morphologies of GNPs and MBs were analyzed under high vacuum using 20 kV scanning electron microscope (SEM; Carl Zeiss E^®^AG-EVO^®^40 SEM; Oberkochen, Germany) and the elemental composition was determined by energy-dispersive X-ray spectroscopy (EDS; E-sprit 1.8 X-ray microanalysis, Quantax 200, Bruker Nano GmbH, Berlin, Germany). Samples were prepared for electron microscopy by placing few drops of GNPs/MBs on a copper grid and subsequently dried before imaging.

Functionalization of GNPs with antibody and DNA
-----------------------------------------------

About 1 nM solution of thiolated DNA sequence was used as capture DNA for hybridization with signal DNA. The disulfide bond in thiolated DNA was cleaved by 100 mM DTT and 0.1 M phosphate buffer (pH 8.3) by incubating at RT for 30 minutes. The activated thiolated DNA sequence was desalted and purified using centrifugal filters.[@b13-ijn-13-8523] The purified capture DNA was stored at −20°C until further use.

Functionalization of GNPs (\~20 nm) with antibodies and DNA was performed according to previously described method by Perez et al[@b12-ijn-13-8523],[@b13-ijn-13-8523] with little modifications. GNPs were used at a concentration of \~1×10^11^ particles/mL in 0.1 mM phosphate buffer and pH was adjusted to 9.3 with 1 M NaOH. To it, 0.5 mL of rabbit anti-ESAT-6 pAb (1:500) was added and incubated at RT for 45 minutes with gentle shaking. Then, 100 µL of activated capture DNA was added and incubated at RT for 30 minutes again with gentle shaking. Salt-aging procedure was then followed by adding 10 µL of 10% Tween-20 and 40 µL of 2 M NaCl in 10 mM PBS. Subsequently, 50 µL of 10% BSA solution was added and incubated at RT for 30 minutes to stabilize the particles followed by cold centrifugation at 12,000 rpm for 15 minutes. Supernatant was removed and 0.5 mL of PBS was added to resuspend the particles. This was followed by the addition of 100 µL of 5 pM signal DNA at 37°C for 1 hour to allow hybridization with the capture DNA. The unbound signal DNA was removed by centrifugation at 12,000 rpm for 15 minutes. After thorough washing, functionalized GNPs were resuspended in PBS and stored at 4°C until further use.

Coupling of capture antibody to MBs
-----------------------------------

Sulfo-SMCC was used to activate the MBs.[@b12-ijn-13-8523] Briefly, 300 µL of coupling buffer was added to 200 µL of MB solution (\~50 mg/mL) in a microcentrifuge tube. External magnetic field was applied to pull MBs to the side of a microcentrifuge tube. The supernatant was removed and MBs were resuspended in coupling buffer. After washing with PBST, 50 µL of 1 mM sulfo-SMCC was added to the MBs. The solution was mixed and incubated at RT for 1 hour. MBs were washed to remove excess sulfo-SMCC. The activation of MBs and antibody reduction were performed simultaneously at the same time. For antibody reduction, 500 µL of guinea pig anti-*M. tuberculosis* pAb (1:500) was mixed with 500 µL of 40 mM DTT and incubated at RT for 1 hour. The reduced antibody was purified from DTT using a NAP-5 column. Equal parts of purified reduced antibody and the activated MBs were mixed in a microcentrifuge tube and incubated at RT for 1 hour for coupling reaction. The reaction was stopped by adding 10 µL of 100 mM β-mercaptoethanol followed by incubation at RT for 1 hour. After washing, MBs were resuspended in 500 µL PBS and stored at 4°C until further use.

Characterization of functionalized GNPs and MBs coupled with antibodies
-----------------------------------------------------------------------

### UV-vis absorption spectroscopy

The optical properties of the GNPs and functionalized GNPs were monitored using UV-vis absorption spectroscopy. The absorbance maxima of GNPs and functionalized GNPs were recorded after scanning between 400 and 700 nm.[@b28-ijn-13-8523]

### Transmission electron microscope

Functionalized GNPs and MBs coupled with antibodies were negatively stained with uranyl acetate and subsequently dried on a copper grid for assessing their size. TEM analysis of functionalized GNPs was performed at a magnification of 200 KX, whereas analysis of MBs coupled with antibodies was carried out at 3 KX magnification. To further validate the attachment of antibodies with GNPs, 20 nm GNPs were conjugated with rabbit anti-ESAT-6 pAb (1:500) followed by incubation with secondary goat anti-rabbit IgG (1:500) conjugated with 60 nm GNPs. After washing, GNPs were analyzed by TEM. Controls included 20 nm GNPs conjugated with 1% BSA followed by incubation at RT for 1 hour with 60 nm GNPs coupled with secondary goat anti-rabbit IgG as well as 20 nm GNPs (with no pAb) and 60 nm GNPs (with no secondary goat anti-rabbit IgG). In addition, another control was run with 20 nm GNPs (with rabbit anti-ESAT-6 pAb) incubated with 60 nm GNPs (with no secondary goat anti-rabbit IgG).

### ELISA

Indirect ELISA was performed as described by Singh et al[@b29-ijn-13-8523] with little modifications to validate the conjugation of GNPs with rabbit anti-ESAT-6 pAb in functionalized GNPs. One hundred microliters of purified ESAT-6 (1 µg/mL in coating buffer) was coated in a microtitre plate by incubating overnight at 4°C followed by washing with PBS containing 0.05% Tween-20 (PBST) and the addition of 200 µL of blocking buffer (5% BSA in PBS) at RT for 2 hours. After washing, 100 µL of functionalized GNPs (1:50) coupled with rabbit anti-ESAT-6 pAb was added and incubated at RT for 1 hour. After thorough washing with PBST, 100 µL of goat anti-rabbit IgG alkaline phosphatase (1:1,000) was added and the plate was incubated at RT for 1 hour, which was followed by the addition of 100 µL of *p*-nitrophenyl phosphate substrate solution. The plate was incubated in the dark at RT for 20 minutes. The appearance of color was monitored by taking optical density (OD) at 405 nm in an ELISA reader. Controls included for the experiment were positive control (GNPs coupled with rabbit anti-ESAT-6 pAb) and negative controls, ie, 1) ESAT-6 coated + unbound GNPs (without anti-ESAT-6 pAb); 2) no ESAT-6 coated + functionalized GNPs; 3) no ESAT-6 coated + GNPs (with anti-ESAT-6 pAb); and 4) no ESAT-6 coated + GNPs (alone) were run to ensure the validation of functionalized GNPs. In addition, ELISA-positive control (no GNPs, ESAT-6-coated, rabbit anti-ESAT-6 pAb) and ELISA-negative control (no GNPs, ESAT-6 coated, no rabbit anti-ESAT-6 pAb) were included.

### PCR

PCR was performed to validate the conjugation of capture DNA (partially complementary with the signal DNA) with the functionalized GNPs. Robostrip wells were coated with 100 µL of purified ESAT-6 (1 µg/mL). After washing, 100 µL of functionalized GNPs (1:50) was added and incubated at RT for 1 hour. Again after washing, the unbound DNA (capture/signal) was removed by the addition of 100 µL of MilliQ water followed by heating at 95°C for 15 minutes to release the signal DNA, which was amplified by PCR using primers for signal DNA. The presence of a 76 bp product in 3.5% agarose gel electrophoresis revealed the attachment of signal DNA on functionalized GNPs. PCR-positive control (signal DNA), PCR-negative controls (no template DNA; PCR grade water only) and I-PCR-negative controls (ESAT-6 + GNPs coupled with rabbit anti-ESAT-6 pAb; ESAT-6 + signal DNA; no ESAT-6 + functionalized GNPs; no ESAT-6 + GNPs coupled with anti-ESAT-6 pAb; no ESAT-6 + signal DNA) were also included to ensure the validation of coupling of signal DNA in functionalized GNPs.

Magneto-ELISA
-------------

To validate the coupling of capture antibodies with MBs, magneto-ELISA was performed in a microcentrifuge tube as detailed by Wacker et al[@b30-ijn-13-8523] with some modifications. MBs were coupled with 100 µL of guinea pig anti-*M. tuberculosis* pAb (1:1,000), which were washed with PBST using an external magnetic field followed by the subsequent addition of 200 µL of 5% BSA solution, 100 µL each of purified ESAT-6 (100 ng/mL), rabbit anti-ESAT-6 pAb (1:1,000) and goat anti-rabbit IgG alkaline phosphatase (1:1,000) after thorough washing at each step using an external magnetic field. Presence of color was observed after the addition of *p*-nitrophenyl phosphate substrate solution and the OD was taken at 405 nm in ELISA reader. Controls included 1) no capture antibody, 2) no ESAT-6 coated and 3) no ESAT-6, no capture antibody.

MB-GNP-I-PCR for purified ESAT-6 detection
------------------------------------------

The method of Perez et al[@b12-ijn-13-8523] was followed with little modifications. Fifty microliters of MBs coupled with guinea pig anti-*M. tuberculosis* pAb (1:1,000, capture antibody) was taken in a microcentrifuge tube. To it, 50 µL of tenfold serial dilution of ESAT-6 ranging from 10 µg/mL to 1 attogram (ag)/mL in PBS were added followed by washing and the addition of 200 µL of 5% BSA solution. The reaction mixtures were incubated at RT for 1 hour with constant shaking to avoid the settling of the MBs. After incubation at RT for 1 hour, MBs were washed with PBST by applying external magnetic field and the unbound antigen was removed. Then, 50 µL of functionalized GNPs (of \~20 nm, 1×10^11^ particles/mL) was added and incubated at RT for 1 hour with constant shaking. MBs were washed, resuspended in 100 µL of MilliQ water and heated at 95°C for 10 minutes. External magnetic field was applied and 10 µL of supernatant was taken in an Eppendorf tube for PCR analysis. Both PCR-positive control (signal DNA at 1 ng/mL) and PCR-negative controls (no template DNA, only PCR grade water) were included. To demonstrate the specificity of functionalized GNPs coupled with anti-ESAT-6 pAb, different RD antigens such as CFP-10, ESAT-6, CFP-21 and MPT64 as well as Ag85B (100 ng/mL) were added separately (in triplicates) in microcentrifuge tubes and were subjected to MB-GNP-I-PCR assay.

This study involved human subjects; therefore, prior approval was obtained from the Institute Human Ethics Committee of MD University, Rohtak (IHEC/2017/108). Saliva samples (n=6) were collected from healthy individuals after taking their prior written informed consent and were pretested at various dilutions for the absence of ESAT-6. Samples were spiked with the purified recombinant ESAT-6 (at a concentration of 1 µg/mL) and the detection limit was determined by I-PCR and ELISA to study the sample matrix effect. MB-GNP-I-PCR assay has been schematically represented in [Figure 1](#f1-ijn-13-8523){ref-type="fig"}.

Statistical analysis
--------------------

Experiments were performed in triplicates for the ELISA and magneto-ELISA, and the average of three independent experiments along with SD was calculated for each assay. The Student's *t*-test and *P*-value were calculated to show the significance and reproducibility of experiments. *P*-value \<0.05 was considered significant. All analyses were carried out using SPSS for Windows statistical software (SPSS Inc., Chicago, IL, USA).

Results and discussion
======================

The nonspecific binding occurring with the use of classical solid format in I-PCR can be circumvented by the use of NPs-based assay, which could also lead to automated one-step assay.[@b10-ijn-13-8523],[@b24-ijn-13-8523] The large surface area of GNPs allows a higher and faster interaction between the capture antibody (coupled with MBs) and the respective antigen in comparison with robostrip wells used in conventional I-PCR.[@b9-ijn-13-8523],[@b24-ijn-13-8523] In this study, we characterized the functionalized GNPs and designed a modified BCA assay, ie, MB-GNP-I-PCR assay for the detection of *M. tuberculosis* purified ESAT-6 protein.

The formation of GNPs was confirmed by UV-vis absorption spectroscopy, where the presence of a single peak at 524 and 539 nm was related to the characteristic surface plasmon resonance (SPR) band of GNPs, which indicated that the GNPs were spherical and of different sizes, ie, \~20 and \~60 nm, respectively ([Figure 2A and B](#f2-ijn-13-8523){ref-type="fig"}). This is in agreement with their previous study by Baptista et al,[@b31-ijn-13-8523] where red color was observed for non-aggregated GNP solution because of SPR at an absorbance peak of \~526 nm. Also, the solution remained red after the addition of thiolated oligonucleotides to GNPs.[@b31-ijn-13-8523] TEM images revealed synthesis of spherical, slightly polydispersed GNPs of average size of \~20 and \~60 nm, respectively ([Figures 2D](#f2-ijn-13-8523){ref-type="fig"} and [4A](#f4-ijn-13-8523){ref-type="fig"}). SEM images also exhibited spherical, slightly polydispersed and aggregated forms of GNPs with smooth surfaces ([Figure 2E](#f2-ijn-13-8523){ref-type="fig"}), while EDS spectrum showed the presence of strong peak at 2.12 keV, typical for crystalline GNPs, and no other significant peak belonging to impurities was observed throughout the EDS spectrum ([Figure 2F](#f2-ijn-13-8523){ref-type="fig"}), thus indicating the formation of impurity free GNPs. Similar EDS peaks were also observed earlier by Anuradha et al[@b32-ijn-13-8523] for GNPs synthesized using *Pistia stratiotes*. SEM analysis of commercially obtained MBs showed irregular shapes varying from spherical to rods. TEM micrograph of MBs also confirmed their irregular shapes with sizes varying between 1 and 6 µm ([Figure 2G and H](#f2-ijn-13-8523){ref-type="fig"}).

Any change in size and shape of NPs could yield change and displacement of SPR, which in turn might change their appearance, color and absorption properties.[@b33-ijn-13-8523] In this study, unconjugated GNPs exhibited the absorption peak at 524 nm, whereas functionalized GNPs revealed a shift in the absorption maxima from 524 to 534 nm (red shift), thus confirming the attachment of antibodies with the GNPs ([Figure 2C](#f2-ijn-13-8523){ref-type="fig"}). In a similar manner, a change to higher wavelength values by 5--10 nm was also observed by Potůčková et al[@b28-ijn-13-8523] after functionalization of GNPs with antibodies and oligonucleotides. Both functionalized GNPs and MBs coupled with antibodies showed no significant change in their shape by TEM analysis ([Figure 3](#f3-ijn-13-8523){ref-type="fig"}). To further validate the attachment of antibodies with GNPs, 20 nm GNPs were conjugated with primary rabbit anti-ESAT-6 pAb followed by incubation with secondary goat anti-rabbit IgG conjugated with 60 nm GNPs and examined by TEM. Notably, 20 and 60 nm GNPs were found to be in very close proximity appearing partially like a rosette, ([Figure 4A--C](#f4-ijn-13-8523){ref-type="fig"}) probably due to binding of primary antibodies with the secondary antibodies, thus confirming the attachment of detection antibodies with GNPs. However, no attachment was observed between 20 and 60 nm GNPs in controls ([Figure 4D--F](#f4-ijn-13-8523){ref-type="fig"}), thus indicating that the attachment was due to the specific binding of primary antibodies with the secondary antibodies and not due to aggregation of GNPs or other nonspecific binding. Similar binding of primary antibodies (coupled to 30 nm GNPs) with the secondary antibodies (coupled to 5 nm GNPs) for the detection of IL-3 and stem cell factor was also demonstrated by TEM analysis.[@b28-ijn-13-8523] In fact, such binding resulted in the formation of proper rosettes comprising 30 nm GNPs surrounded by few 5 nm GNPs, thus validating the coupling of antibodies with GNPs.

In this study, coupling of antibodies and thiolated oligonucleotides to functionalized GNPs was also confirmed by ELISA and PCR. In comparison with unbound GNPs, functionalized GNPs showed a visible color reaction with ELISA ([Figure 5A](#f5-ijn-13-8523){ref-type="fig"}). The mean OD of functionalized GNPs (0.817±0.0021, *P*\<0.001) coupled with anti-ESAT-6 pAb was found to be significantly higher than the OD of the GNPs with no coupled anti-ESAT-6 pAb (0.0743±0.0006; [Figure 5B](#f5-ijn-13-8523){ref-type="fig"}), which confirmed the specific attachment of antibodies to the functionalized GNPs. In addition, PCR also validated the conjugation of signal DNA and revealed the presence of a specific 76 bp product in the functionalized GNPs, while no such product was observed in controls ([Figure 5C](#f5-ijn-13-8523){ref-type="fig"}). Notably, the conjugation of capture antibodies with the MBs was confirmed by a color reaction and OD measurement by magneto-ELISA ([Figure 6A and B](#f6-ijn-13-8523){ref-type="fig"}). The antibody conjugated MBs showed a significantly higher mean OD (0.791±0.021, *P*\<0.001) than the MBs without capture antibodies (mean OD 0.057±0.0004; [Figure 6B](#f6-ijn-13-8523){ref-type="fig"}). Use of magneto-ELISA has also been previously reported for confirming the coupling of MBs with the antibodies for detection of hepatitis B surface antigen.[@b30-ijn-13-8523]

Our MB-GNP-I-PCR assay revealed limit of detection (LOD) of 10 fg/mL for *M. tuberculosis* purified ESAT-6 ([Figure 7A](#f7-ijn-13-8523){ref-type="fig"}), while ELISA could detect up to 1 ng/mL for the same, thus demonstrating that MB-GNP-I-PCR revealed 10^5^-fold higher sensitivity than ELISA. These results are in agreement with the previous reports for the detection of prostate-specific antigen (LOD of 10 fg/mL) by BCA assay using NPs.[@b34-ijn-13-8523] In a similar manner, the LOD of 1 fg/mL for hepatitis C virus core antigen by MB-GNP-I-PCR and 10 fg/mL for Hantaan virus nucleocapsid protein in serum samples as well as foot and mouth disease viruses particles in BHK-21 cells by GNP-I-PCR assay have been reported.[@b21-ijn-13-8523],[@b22-ijn-13-8523],[@b35-ijn-13-8523] Furthermore, functionalized GNPs coupled with anti-ESAT-6 pAb employed in the assay did not cross-react with other RD antigens such as purified CFP-10, CFP-21 (Rv1984c) and MPT64 as well as Ag85B ([Figure 7B](#f7-ijn-13-8523){ref-type="fig"}), which demonstrated the specificity of ESAT-6 detection with MB-GNP-I-PCR. However, we could not calculate the recovery of the MB-GNP-I-PCR as it is the only qualitative and affirmative test indicating either the presence or the absence of ESAT-6 marker, but the theoretical recovery appears to be 100% since the LOD of ESAT-6 remained the same (10 fg/mL) in both PBS and spiked saliva samples ([Figure 7A and C](#f7-ijn-13-8523){ref-type="fig"}). It is intriguing that the LOD of purified ESAT-6 by MB-GNP-I-PCR was ten-fold lesser than the conventional I-PCR performed in robostrip wells[@b3-ijn-13-8523] (solid format). This could be due to aggregation of NPs in aqueous system resulting from nonspecific binding of functionalized GNPs to the solid phase or the salts present in reagents might be altering the optical, electrical and mechanical properties of NPs.[@b14-ijn-13-8523],[@b36-ijn-13-8523],[@b37-ijn-13-8523] The finding that the saliva samples of healthy individuals spiked with purified ESAT-6 displayed the same LOD by MB-GNP-I-PCR as that observed in PBS suggests that the reduced background signals were associated with MB-GNP-I-PCR, thus showing no sample matrix effect. This could be explained by the liquid format displayed by MB-GNP-I-PCR, which permits a thorough washing of the captured antigen and MBs/GNPs, thus leading to removal of unbound antigens/antibodies, which in turn decreases nonspecific binding and leads to diminished background signals.[@b12-ijn-13-8523],[@b24-ijn-13-8523] However, an LOD of 10 ng/mL was observed by ELISA in spiked saliva samples, thereby showing a sample matrix effect. Similarly, the conventional I-PCR in robostrip wells (solid format) also revealed a sample matrix effect as higher LOD (100-fold) of 100 fg/mL was observed for Ag85B detection in spiked saliva samples.[@b2-ijn-13-8523]

In contrast to synthetic MBs, Wacker et al[@b30-ijn-13-8523] employed biogenic magnetosome particles isolated from *Magnetospirillum gryphiswaldense* for designing magneto I-PCR for the detection of recombinant HBsAg in human serum with an LOD of 320 pg/mL, whereas we observed an LOD of 10 fg/mL in human saliva for the detection of recombinant ESAT-6. The use of biogenic magnetosomes has been reported to possess some advantages over the synthetic MBs as better signal-to-noise ratios and lesser SDs are observed owing to their smaller size, monodispersity and higher magnetization.[@b30-ijn-13-8523],[@b38-ijn-13-8523] However, the use of biogenic magnetosomes also has some disadvantages due to limited stability of their biological membranes and limited tolerance toward the detergents, high salt concentrations and repeated centrifugation.[@b30-ijn-13-8523],[@b38-ijn-13-8523] Similar to our study, Barletta et al[@b39-ijn-13-8523] employed synthetic MBs to design immuno-MB real-time I-PCR assay for the detection of HIV p24 protein and could detect \<1 HIV-1 virion in plasma samples, which may have important implications to study HIV pathogenesis and anti-retroviral therapy. HIV-1 p24 Gag protein has also been detected in plasma samples of HIV-1-infected subjects with high accuracy by MB-GNP-I-PCR.[@b40-ijn-13-8523] Interestingly, magnetic gold particles have been used to design I-PCR for the detection of *Giardia lamblia* cysts with the LOD of approximately five cysts,[@b23-ijn-13-8523] thus proposing its utility for the fast screening of samples from drinking water, lakes, swimming pools, etc.

Similar to this study, Perez et al[@b12-ijn-13-8523] designed MB-GNP real-time I-PCR assay, known as NP-amplified I-PCR assay with dual amplification for the detection of respiratory syncytial virus surface protein in infected Hep-2 cell extracts with the LOD of 4.1 PFU/mL, an improvement of \>1,000-fold and 4-fold over ELISA and real-time PCR, respectively. By using the biotinylated DNA-streptavidin nanostructures, magneto I-PCR was found to enhance the valency of the antibody binding, which in turn increased the sensitivity of assay[@b30-ijn-13-8523],[@b41-ijn-13-8523] but such studies used an average DNA/complex ratio of only 5:1 and further increased DNA ratios revealed an instability of the streptavidin conjugates. However, several-fold higher NP valence amplification could be achieved prior to *tag* amplification by MB-GNP-I-PCR assay.[@b21-ijn-13-8523] The first step of signal amplification is achieved by using multivalent GNPs to release multiple signal DNA molecules/antibody binding events.[@b12-ijn-13-8523] After signal DNA is released, PCR provides a second level of amplification, which shows several-fold enhanced sensitivity for the detection of antigen (eg, ESAT-6), in comparison with ELISA.

Conclusion
==========

MB-GNP-I-PCR (liquid format) has displayed improved technology as the conjugation of GNPs with the antibodies and DNA in functionalized GNPs is relatively simple than the conventional I-PCR (solid format) based on streptavidin--biotin or SMCC system. Moreover, the assay has lesser incubation/wash steps, which reduces the overall duration. Hence, the assay leads to diminished background signals with no sample matrix effect and also the reliable detection of purified ESAT-6 up to 10 fg/mL in spiked saliva samples. Further work is in progress to extend these findings for the detection of *M. tuberculosis* antigens by MB-GNP-I-PCR in body fluids of TB patients.
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![Schematic representation of MB-GNP-I-PCR assay for the detection of ESAT-6, a biomarker for TB diagnosis.\
**Abbreviations:** ESAT-6, early secreted antigenic target-6; GNP, gold nanoparticle; MB-GNP-I-PCR, magnetic bead-coupled GNP-based I-PCR; TB, tuberculosis.](ijn-13-8523Fig1){#f1-ijn-13-8523}

![Characterization of optical and physical properties of GNPs prepared by chemical reduction.\
**Notes:** (**A**) Absorbance spectra for 20 nm GNPs in the UV-vis spectrum range between 400 and 700 nm with an absorbance maxima at 524 nm. (**B**) Absorbance spectra for 60 nm GNPs with an absorbance maxima at 539 nm. (**C**) Overlay of absorbance spectra for 20 nm GNPs and functionalized GNPs. (**D**) TEM image showing spherical 20 nm GNPs. (**E**) SEM image for GNPs. (**F**) SEM/EDS spectrum for GNPs with a strong peak at 2.12 keV. (**G**) SEM image showing MBs of irregular shapes. (**H**) TEM image for MBs.\
**Abbreviations:** EDS, energy-dispersive X-ray spectroscopy; GNPs, gold nanoparticles; MBs, magnetic beads; SEM, scanning electron microscope; TEM, transmission electron microscopy; UV-vis, ultraviolet--visible.](ijn-13-8523Fig2){#f2-ijn-13-8523}

![Validation of functionalized GNPs and MBs coupled with antibodies.\
**Notes:** TEM images of (**A**) unbound GNPs, (**B**) functionalized GNPs, (**C**) unbound MBs and (**D**) MBs coupled with capture antibodies.\
**Abbreviations:** GNPs, gold nanoparticles; MBs, magnetic beads; TEM, transmission electron microscopy.](ijn-13-8523Fig3){#f3-ijn-13-8523}

![(**A**) TEM visualization of 60 nm GNPs; (**B**, **C**) 20 nm GNPs with rabbit anti-ESAT-6 pAb were incubated with 60 nm GNPs coupled with secondary goat anti-rabbit IgG for 1 hour at RT. After washing, GNPs were observed by TEM; (**D**) control, 20 nm GNPs were conjugated with 1% BSA, followed by conjugation with 60 nm GNPs coupled with secondary goat anti-rabbit IgG; (**E**) control, 20 nm GNPs (with no rabbit anti-ESAT-6 pAb) and 60 nm GNPs (with no secondary goat anti-rabbit IgG); (**F**) control, 20 nm GNPs (with rabbit anti-ESAT-6 pAb) and 60 nm GNPs (with no secondary goat anti-rabbit IgG). Red arrows indicate large GNPs (60 nm) and blue arrows indicate small GNPs (20 nm).\
**Abbreviations:** BSA, bovine serum albumin; ESAT-6, early secreted antigenic target-6; GNPs, gold nanoparticles; pAb, polyclonal antibody; RT, room temperature; TEM, transmission electron microscopy.](ijn-13-8523Fig4){#f4-ijn-13-8523}

![(**A**) Validation of functionalized GNPs (GNPs coupled with rabbit anti-ESAT-6 pAb) by ELISA (color reaction): color reactions (in triplicate) in wells A2, B2, C2 (GNPs coupled with rabbit anti-ESAT-6 pAb) and wells A3, B3, C3 (functionalized GNPs) were observed, which indicate the conjugation of antibody with GNPs. Wells A4, B4, C4 (ELISA-positive control, no GNPs, ESAT-6 coated, rabbit anti-ESAT-6 pAb) also showed a color reaction. However, no color reaction was observed in controls, ie, wells A1, B1, C1 (unbound GNPs not coupled with anti-ESAT-6 pAb); wells A5, B5, C5 (no GNPs, ESAT-6 coated, no anti-ESAT-6 pAb); wells A6, B6, C6 (no ESAT-6 coated, GNPs alone, no anti-ESAT-6 pAb); wells A7, B7, C7 (no ESAT-6 coated, GNPs coupled with anti-ESAT-6 pAb) and wells A8, B8, C8 (no ESAT-6 coated, functionalized GNPs). (**B**) Bar diagram revealed that OD\* observed with functionalized GNPs was significantly higher (*P*\<0.001) than the control^\#^, ie, unbound GNPs (not coupled with anti-ESAT-6 pAb). Similarly, OD\*\* observed with ELISA-positive control was significantly higher (*P*\<0.001) in comparison with ELISA-negative control^\#\#^. All the controls revealed negligible OD values, thus validating the coupling of GNPs with anti-ESAT-6 pAb in functionalized GNPs. (**C**) Validation of DNA in functionalized GNPs by PCR analysis: 3.5% agarose gel showing a 76 bp amplified product of signal DNA attached in functionalized GNPs. M, 20 bp marker; lane 1, ESAT-6 coated + functionalized GNPs; lane 2, ESAT-6 coated + GNPs-rabbit anti-ESAT-6 pAb; lane 3, ESAT-6 coated + signal DNA; lane 4, no ESAT-6 + functionalized GNPs; lane 5, no ESAT-6 coated + GNPs-rabbit anti-ESAT-6 pAb; lane 6, no ESAT-6 coated + signal DNA; lane 7, PCR-positive control (signal DNA); lane 8, PCR-negative control (no template DNA); lane 9, PCR grade water only.\
**Abbreviations:** ESAT-6, early secreted antigenic target-6; GNPs, gold nanoparticles; OD, optical density; pAb, polyclonal antibody.](ijn-13-8523Fig5){#f5-ijn-13-8523}

![(**A**) Validation of capture antibody conjugated with MBs by magneto-ELISA (color reaction): color reaction in tube 2 (ESAT-6 coated + MBs coupled with capture antibody) indicates the conjugation of capture antibody with MB, but no color reaction was observed in controls: 1) tube 1: ESAT-6 coated + MBs with no capture antibody; 2) tube 3: no ESAT-6 coated + MBs with no capture antibody; and 3) tube 4: no ESAT-6 coated + MBs with capture antibody. (**B**) Bar diagram revealed that OD\* observed with MBs coupled with capture antibody was significantly higher (*P*\<0.001) than the respective control, ie, MBs without capture antibody^\#^. All the controls revealed negligible OD values, thus validating the conjugation of capture antibodies with MBs.\
**Abbreviations:** ESAT-6, early secreted antigenic target-6; MBs, magnetic beads; OD, optical density.](ijn-13-8523Fig6){#f6-ijn-13-8523}

![MB-GNP-I-PCR for purified ESAT-6 detection.\
**Notes:** (**A**) 3.5% Agarose gel analysis of ten-fold decreasing concentrations of purified ESAT-6 in PBS by MB-GNP-I-PCR: lane M, 20 bp ladder; lanes 1--14, dilutions of ESAT-6 (10 µg/mL to 1 ag/mL); lane 15, no antigen; and lane 16, PCR-positive control (signal DNA). (**B**) Specificity of functionalized GNPs coupled with rabbit anti-ESAT-6 pAb showing reactivity with ESAT-6 by MB-GNP-I-PCR but no reactivity with other RD antigens and Ag85B: lane M, 20 bp ladder; lane 1, no template DNA; lane 2, ESAT-6; lane 3, CFP-10; lane 4, CFP-21; lane 5, MPT64; lane 6, Ag85B; lane 7, PCR-positive control (signal DNA); and lane 8, no antigen. (**C**) Sample matrix effect: 3.5% agarose gel analysis of ten-fold decreasing concentrations of purified ESAT-6 in saliva sample from a healthy individual by MB-GNP-I-PCR: lane M, 20 bp ladder; lanes 1--12, dilutions of ESAT-6 (1 µg/mL to 10 ag/mL); lane 13, no antigen; lane 14, no antigen and no detection antibody; lane 15, no template DNA; and lane 16, PCR-positive control (signal DNA). The experiment was performed with six sputum samples and one of the representative figures has been shown.\
**Abbreviations:** ag, attogram; CFP-10, culture filtrate protein-10; ESAT-6, early secreted antigenic target-6; I-PCR, immuno-PCR; MB-GNP-I-PCR, magnetic bead-coupled GNP-based I-PCR; MPT64, mycobacterial protein from species tuberculosis-64; pAb, polyclonal antibody; RD, regions of differences.](ijn-13-8523Fig7){#f7-ijn-13-8523}

###### 

Oligonucleotides and primer sequences for MB-GNP-I-PCR assay

  ---------------------------------------------------------------------
  Name                             Sequence (5′--3′)
  -------------------------------- ------------------------------------
  Capture DNA for GNP              \[C6Thiol\]TTTTTTTTTTTTTTTG\
                                   CTTGTCTCGTAAGTTGAGATT\
                                   TCGCTATGCACGGTCCTT

  Signal DNA for GNP               CTGCGACGATCTACCATCGACGTAC\
                                   CAGGTCGGTTGAAGGACCGTGCATA\
                                   GCGAAATCTCAACTTACGAGACAAGC

  Primers for MB-GNP-I-PCR assay   Signal primer 1 CTGCGACGATCTACCAT\
                                   Signal primer 2 GCTTGTCTCGTAAGTTGA
  ---------------------------------------------------------------------

**Abbreviations:** GNP, gold nanoparticle; I-PCR, immuno-PCR; MB, magnetic bead; MB-GNP-I-PCR, MB-coupled gold nanoparticle-based I-PCR.
